Chemical composition of the essential oils derived from Atractylodes macrocephala (AMA), Astragalus membranaceus (AME) and AMA-AME herb pair was investigated using gas chromatography-mass spectrometry (GC-MS). Antioxidant activities were evaluated by 1,1-diphenyl-2-picyrlhydrazyl (DPPH) radicalscavenging and Trolox equivalent antioxidant capacity (TEAC) assays. Forty-five, ten and forty-three components were identified in AMA, AME and AMA-AME essential oils, respectively. AMA-AME essential oil exhibited a significantly higher radical scavenging capacity than the theoretical sum of those of the respective herb essential oils (P < 0.05). Principal component analysis showed that twenty-three components contributed to the scavenging activities against DPPH and ABTS ·+ radicals. Moreover, the concentrations of these major components exhibited various increases to some extent when compared with the theoretical sum of the respective herb essential oils. These findings suggest that combination of two or more herbs might be used as a promising source of natural antioxidants in the pharmaceutical and food industries.
Reactive oxygen species (ROS), including hydrogen peroxide, superoxide anion and hydroxyl radicals, play an important role in the pathological processes of many serious diseases, such as cardiovascular diseases, atherosclerosis, inflammation, neurodegenerative disorders and cancer [1, 2] . Atractylodes macrocephala has been widely used for over 2,000 years in traditional Chinese medicine (TCM) to treat tumors, inflammationrelated diseases and oxidative damage [3] . Nowadays, various A. macrocephala products are increasingly used not only as efficacious medicinal prescriptions, but also as health-promoting food supplements. Its essential oil has a distinct phytochemical profile, with atractylone, elemene, aromadendrene and eudesma-4(14),11diene as the main components [4] .
Astragalus membranaceus is another widely used medicinal plant that is well-known for its vital-energy tonifying, skin reinforcing, diuretic, abscess -draining and tissue generative actions [5] . It is used in China in stewing fish, stewing chicken, for making tea as a flavoring agent, and as a food additive [6] . Recent studies revealed that A. membranaceus extracts have strong antioxidant activities [7] .
Traditional Chinese herbs are generally applied in the form of multi-herb formulas in medical treatments and as dietary supplements. Atractylodes macrocephala and Astragalus membranaceus are one of the most common herb pairs used in clinics in order to obtain a synergistic effect [8] . However, to the best of our knowledge, there appears to be limited investigation focused on the synergistic effect of Atractylodes macrocephala and Astragalus membranaceus. Therefore, as a part of our ongoing screening program to evaluate in vitro antioxidant potentials of common herbal plants, we performed hydrodistillation to prepare essential oils from Atractylodes macrocephala (AMA), Astragalus membranaceus (AME) and the combination of AMA-AME. The essential oils were then subjected to GC-MS to elucidate their chemical composition. Furthermore, in vitro antioxidant activity of the essential oils was evaluated using DPPH radical-scavenging and Trolox equivalent antioxidant capacity assays. Principal component analysis (PCA) was also performed to identify potential bioactive components from the essential oils. The essential oils extracted from AMA, AME, and AMA-AME combination were qualitatively and quantitatively analyzed by GC and GC-MS.
Forty-five compounds were identified in AMA essential oil, accounting for 86.1% of the total peak areas. The most abundant compounds were atractylone (83.1 ± 0.1 μg/mL), β-eudesmol (10.0 ± 0.0 μg/mL), 8,9-dehydro-9-formyl-cycloisolongifolene (6.3 ± 0.2 μg/mL) and n-hexadecanoic acid (5.0 ± 0.1 μg/mL). Similar results were reported by other authors. Li et al. [9] identified 36 constituents in the AMA oil and among them, atractylone (40.1%), γ-elemene (14.7%), aromadendrene (13.1%), and eudesma-4(14),11-diene (5.5%) were major constituents. The changes in chemical composition of the essential oils could be attributed to several differences such as geographic origin, environmental factors, extraction and analysis methods [10] . Ten compounds were identified in AME oil, representing 59.7% of the total peak areas, and the principal components were n-hexadecanoic acid (99.4 ± 0.2 μg/mL) and 1-hexadecanol (6.8 ± 0.0 μg/mL). As for AMA-AME oil, GC-MS analysis led to identification of 43 compounds, representing 87.4% of the total oils, where atractylone (55.9 ± 0.2 μg/mL), 9,10-dehydrofukinone (21.1 ± 0.1 μg/mL), eudesma-3,7(11)-diene (8.5 ± 0.0 μg/mL), 4-carene (8.0 ± 0.0 μg/mL) and n-hexadecanoic acid (7.8 ± 0.0 μg/mL) were the predominant constituents. It can be seen that among the AMA-AME oil components, 35 were identified in AMA essential oil and 8 in AME essential oil. However, 10 detected in either AMA or AME essential oils were not detected in the mixture. The concentration of these components was less than 1.0 µg/mL in the respective herb oil, with the exception of 8,9-dehydro-cycloisolongifolene (4.7 ± 0.1 µg/mL), Table 1 : Chemical composition of the essential oils from Atractylodes macrocephala (AMA), Astragalus membranaceus (AME) and the combination of AMA-AME.
No.
Compounds RI a Content (μg/mL) b AMA AME AMA-AME 1 2-Methyl-2-butanol 658 -c 6.6 ± 0. Cedrene
Guaia-1(10),11-diene 1489 cedrene (3.0 ± 0.0 µg/mL), oxacyclohexadecan-2-one (1.3 ± 0.0 µg/mL), and 8,9-dehydro-9-formyl-cycloisolongifolene (6.3 ± 0.2 µg/mL). Interestingly, two new compounds, namely neoclovene oxide (1.9 ± 0.1 µg/mL) and α-eudesmol (5.0 ± 0.2 µg/mL), were detected in AMA-AME oil.
The antioxidant activity of the test samples depends on the method adopted and the model systems. It is necessary to combine more than one method to evaluate in vitro antioxidant capacity of foodstuffs. Herein, both DPPH radical-scavenging assay and the TEAC method were performed to investigate in vitro antioxidant activity of the essential oils. Figure 1 : DPPH radical scavenging activity of the essential oils from Atractylodes macrocephala (AMA), Astragalus membranaceus (AME) and their combination (AMA-AME). Histograms marked with different letters indicated that their SC 50 values were significantly different at P < 0.05.
As shown in Fig. 1 , the lowest SC 50 value (27.5 ± 0.6 μg/mL) was observed for AMA essential oil, indicating that it had the highest DPPH radical scavenging efficiency. The DPPH radical-scavenging activity of AMA-AME essential oil was lower than that of AMA essential oil, but significantly higher than AME essential oil, as indicated by its SC 50 value of 48.1 ± 1.1 μg/mL (P < 0.05). AME essential oil had the weakest scavenging ability with a highest SC 50 value of 85.9 ± 1.5 μg/mL. Moreover, AMA-AME essential oil exhibited a significantly lower SC 50 value than the theoretical sum of the respective herb essential oils (48.1 ± 1.1 μg/mL vs. 56.7 ± 1.0 μg/mL, P < 0.05), indicating that a synergistic action might exist between two individual herbs in the DPPH radical-scavenging model. Similar results were also found in our previous study that the ethanolic extract of AMA and AME were able to synergistically scavenge DPPH radicals [11] . On the basis of the SC 50 values, CI was calculated and revealed a synergistic interaction between AMA and AME oils at a fixed ratio of 1:1 (CI = 0.9). Atractylodes macrocephala (AMA), Astragalus membranaceus (AME) and their combination (AMA-AME). Histograms marked with different letters indicated that their SC 50 values were significantly different at P < 0.05.
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As shown in Fig.2 , all essential oils were able to scavenge ABTS •+ radicals within a SC 50 range from 16.0 ± 0.1 to 23.2 ± 0.1 μg/mL. Among them, AMA-AME oil had the highest scavenging activity against ABTS •+ (SC 50 = 16.0 ± 0.1 μg/mL), followed by AMA oil (SC 50 = 20.9 ± 0.9 μg/mL) and AME oil (SC 50 = 23.2 ± 0.1 μg/mL). Moreover, AMA-AME oil had a stronger ABTS •+ scavenging effect than the theoretical sum of those of the respective herb oils (P < 0.05). The TEAC values for the essential oils were as follows: AMA-AME (40.2 ± 0.7 µM) > AMA (38.9 ± 1.0 μM) > theoretical sum of two single herbs (35.0 ± 0.6 μM) > AME (31.1 ± 0.3 μM).
Previous studies reported that unsaturated carbon-carbon double bonds (C=C) are able to inhibit free radical reactions by attracting single electrons from free radicals to form a stable electron cloud system [12] . Therefore, we calculated the content of the C=C bonds in the AMA-AME oil, and found that it was about 2-fold more than the theoretically sum of those of the respective essential oil (264.1 vs. 117.8), which may be a reason for the synergistic effect of the essential oil's antioxidant activities.
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The relationship between the essential oils' composition and their antioxidant activities was evaluated by PCA. All 55 compounds listed in Table 1 composed a chemical matrix with three rows and fifty-five columns. Based on their correlation coefficient matrix, 55 compounds were combined and subjected to PCA after normalization. The first two principal components (P 1 and P 2 ) with more than 85.0% of total variances were extracted for regression. The coefficients for P 1 and P 2 were -0.6583 and -1.2929 in the ABTS •+ scavenging assay, and -7.0364 and 4.6349 in the DPPH scavenging test, respectively, which implied that there were strong correlations between the two principal components and ABTS •+ radical-scavenging activity, as well as between P 1 and DPPH radical-scavenging activity. Finally, 15 major components were selected from the loading matrix of P 1 . They were β-phellandrene The contents of the above major components were quantitatively determined in AMA-AME oil and compared with the theoretical sums of those from the individual herb oils. As shown in Fig. 3 , the actual concentration of these major components exhibited various increases to some extent when compared with their respective theoretical sums, which may be responsible for the remarkable antioxidant synergism of the essential oils, since many components identified in this study have reported radical-scavenging activity in previous studies. γ-Elemene (8), β-phellandrene (3) and caryophyllene oxide (20) , identified as the main components in Bidens pilosa essential oil, exhibited strong scavenging effect against DPPH radicals [13] . Sroka et al. [14] revealed that the hypothesized bioactive compound (31) was active against free radicals, which was correlated with the structure of phenolic acids.
Owing to the structure of unsaturated carbon-carbon double bonds, other major components, including compounds 5, 12, 15-17, 21, 30,  33, 34, 40, 50, and 52 , also demonstrated a wide range of antioxidant activities. It is noteworthy that two new compounds, namely α-eudesmol (29) and neoclovene oxide (24), were produced in AMA-AME essential oil with concentrations of 5.0 ± 0.2 µg/mL and 1.9 ± 0.1 µg/mL, respectively. Similar results were also found in previous work, indicating that some new bioactive ingredients might be produced when several medicinal herbs were decocted together [15] . Therefore, the synergistic effects of the essential oils might be correlated not only with a quantitative addition of the constituents of the individual herbs, but also with the generation of some new active components. In addition, an earlier study on the synergism displayed by α-tocopherol and ascorbic acid showed that ascorbic acid can regenerate α-tocopherol from its radical oxidation product, α-chromanoxyl [16] . A similar synergistic action might occur when neoclovene oxide (24) is regenerated as neoclovene by other antioxidants in the oils.
Recent evidence demonstrated that alteration of the acid-base environment, processing method and heating conditions will result in some changes of bioactive components when several herbs are extracted in combination [17] . We measured the pH value of the essential oil extraction solution, and found it was 4.3 ± 0.2 for AMA-AME combination, significantly lower than AMA (4.7 ± 0.2) and AME (5.0 ± 0.1) (P < 0.05), which may be partly responsible for the increased concentration of bioactive components during the extraction of the combination. However, further efforts should be made to elucidate this possible interaction between herb constituents in the future.
Experimental

Plant materials:
The dried roots of Atractylodes macrocephala Koidz (AMA) and Astragalus membranaceus Bge Hsiao (AME) were commercially purchased from Shijiazhuang Pharmaceutical Company (Shijiazhuang, China).
Extraction of essential oils:
Each sample was comminuted and sieved through a No.40 mesh. Three powdered samples, AMA (100.0 g), AME (100.0 g) and a powdered mixture of AMA-AME (50.0 g each) were subjected to hydrodistillation for 6 h in a Clevenger-type apparatus. The resulting essential oils were dried over anhydrous sodium sulfate and stored at -20°C until further analysis.
Analysis of essential oils:
The gas chromatography (GC) analysis was performed on a Shimadzu 17-A gas chromatography (Shimadzu Corporation, Kyoto, Japan) with a SUPELCO SPB-5 fused silica capillary column (30 m × 0.32 mm × 0.25 μm) equipped with a flame ionization detector (FID). The oven temperature was held at 40°C for 3 min and then programmed at a rate of 4°C/min to 250°C. The injector and detector temperatures were set at 250°C and 270°C, respectively. Nitrogen was used as the carrier gas at a flow rate of 4.0 mL/min. One µL of sample was injected manually in a splitless mode. Quantitative data were obtained by peak area normalization. An internal standard of 1-octanol was used at a concentration of 8.3 µg/mL. GC-MS analysis was carried out using a Hewlett-Packard 5890 II gas chromatograph equipped with a DB-5ms capillary column (30 m × 0.25 mm × 0.25 μm) and a Hewlett Packard 5971 mass selective detector (Agilent Technologies, Palo Alto, CA, USA). Separation was achieved under the same conditions as described for GC-FID. The mass spectrometer was operated in the electron impact ionization mode (70 eV). Identification of the essential oil components was based on retention indices (RIs) relative to n-alkanes, and computer matching with the NIST 2.0 library of the GC/MS system, as well as comparisons of the fragmentation pattern of the mass spectra with published data.
DPPH free radical scavenging assay:
The DPPH radicalscavenging capacity of the essential oils was evaluated according to the previous report with some modifications [18] . Briefly, 0.5 mL samples of various oil concentrations (6.25 to 300 μg/mL) were added to 2.0 mL of 0.05 mM DPPH ethanol solution, and allowed to stand for 30 min in the dark at 37°C. Then, the absorbance of the resulting solutions was recorded at 517 nm using an ultravioletvisible spectrophotometer (UNICO UV-2000, Shanghai, China). Percent inhibition of the DPPH radical, and an SC 50 value, defined as the concentration required to scavenge 50% of the DPPH, were calculated from the graph. Vitamin E served as a positive control.
Isobolographic analysis:
To investigate the possible interaction between AMA and AME essential oils in scavenging DPPH radicals, an isobolographic analysis based on the median-effect principle was performed [19] . The isobologram was obtained from the concentration-inhibition curves of the individual oil and their combination at a fixed ratio of 1:1. Combination Index (CI) was calculated; CI < 1, CI = 1 or CI > 1 represent synergistic, additive, and antagonistic effects, respectively.
Trolox equivalent antioxidant capacity (TEAC) assay:
Trolox equivalent antioxidant capacity of the essential oils was determined according to the procedures described previously [20] .
Statistical analysis:
All experiments were performed in triplicate. A one-way analysis of variance (ANOVA) was performed to calculate significant differences (P < 0.05), and multiple comparisons of means were made by the Duncan test using the statistical software SPSS 12.0 (SPSS Inc., Chicago, IL, USA). Principle component analysis (PCA) was performed in order to identify potential bioactive components from the essential oils using the statistical software SAS 8.1 (SAS Institute Inc., Cary, NC, USA).
